Dynamics of a divisive gain control in human vision1Portions of this research were first reported at the ARVO annual meeting in 1990.1  by Wilson, Hugh R & Kim, Jeounghoon
Vision Research 38 (1998) 2735–2741
Dynamics of a divisive gain control in human vision1
Hugh R. Wilson *, Jeounghoon Kim
Visual Sciences Center, Uni6ersity of Chicago, 939 East 57th Street, Chicago, IL 60637, USA
Received 11 August 1997; received in revised form 10 September 1997
Abstract
Evidence for a divisive contrast gain control in human vision was obtained using a contrast version of the probe-on-flash
technique that has been employed in the light adaptation literature. Thresholds were measured for a briefly flashed (30 ms),
vertical test pattern superimposed on a cosine mask as a function of time after mask onset (SOA). Threshold elevations declined
monotonically for SOAs up to 150 ms. and exhibited an exponential time course with an average time constant of 51 ms.
Increment thresholds for the test as a function of mask contrast provide direct evidence that these effects are due to operation of
a divisive gain control within the first 150 ms after stimulus onset. Experiments to measure the spatial spread of this gain control
show it to be localized to a region of no more than 45 arc min radius. © 1998 Elsevier Science Ltd. All rights reserved.
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1. Introduction
For many years physiologists and psychophysicists
described cortical simple cells by an oriented, linear
filtering stage or receptive field followed by a contrast
nonlinearity (e.g. [1–3]). This nonlinearity was gener-
ally represented as half wave rectification followed by
some form of compressive or saturating suprathreshold
response. This view of cortical processing reflected the
assumption that neurons tuned to different orientations
and spatial frequencies operated independently and in
parallel.
Recent evidence has challenged this simple view of
independent, parallel processing by visual cortical units.
For example, Bonds [4,5] has reported clear evidence
that even orthogonal orientations and well separated
spatial frequencies interact via divisive inhibition. Simi-
lar conclusions have also been reached by Geisler and
Albrecht [6], who found evidence for a fast gain control
complete within 200 ms. Ross and Speed [7] have
reported evoked potential evidence for a divisive gain
control in humans. Heeger [8] was the first to model
divisive inhibition operating across orientations and
spatial frequencies. Most recently, Foley [9] has con-
ducted masking studies that pit the independent, paral-
lel processing model against models with inhibitory
interactions. His results are incompatible with indepen-
dent processing of orthogonal orientations but are con-
sistent with the operation of a divisive inhibitory
mechanism.
Wilson [10] measured threshold elevations for a brief
(30 ms) 3.0 cycle per degree (cpd) test patch superim-
posed on a 3.0 cpd cosine grating. When the test
appeared at mask onset, large threshold elevations were
found for all mask orientations, including that orthogo-
nal to the test. When the test was delayed for 200 ms,
however, threshold elevations dropped by an average
factor of 3.0 that was uniform across orientations. A
divisive feedback gain control model was shown to fit
those data as well as to explain changes in the contrast
increment threshold function and the tilt after-effect
following spatial frequency adaptation [11]. The pur-
pose of this short paper is to provide further psycho-
physical evidence for a divisive gain control in human
vision and to document its time course and spatial
pooling range.
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2. Methods
All stimuli were presented on an Apple Macintosh
IIfx computer using methods described previously [11].
The monitors had 8 bit gray scale resolution which was
increased to an effective 10 bit resolution through spa-
tial dithering, and the screen refresh rate was 66.7 Hz.
The experiments reported here involved masking of a
briefly flashed test probe by a cosine grating of longer
duration. To minimize any interference, test and probe
were presented on two different screens controlled by
the same Macintosh, and the two images were optically
superimposed using a beam splitter.
The mask was a 3.0 cpd cosine grating oriented at
15° relative to the vertical, while the test pattern was a
vertically oriented sixth derivative (D6) of a spatial
Gaussian function (see Ref. [11], for formula). The 15°
orientation difference between test and mask has previ-
ously been shown to produce large threshold elevations
[10,12]. In addition, it allows the test and mask to
superimpose over a range of local spatial phases, thus
effectively removing this as a significant variable. The
vertical D6 was windowed by a Gaussian with a space
constant of 0.74° in the vertical direction. Mask diame-
ter was varied in one experiment as described below but
was otherwise constant at 5.0°.
A two interval forced choice procedure was used to
measure thresholds for detecting the target in the pres-
ence of the mask. Subjects, who viewed the display
monocularly at a distance of 1.5 m with their heads
comfortably positioned in a chin rest, initiated each
presentation with a button press. The 50% contrast
mask was then flashed on for 435 ms; the screen
returned to the mean luminance (80 cd:m2) for 500 ms;
and then the mask was flashed for a second 435 ms
interval. The test D6 was superimposed on the mask
randomly in either the first or the second interval, and
the subject’s task was to signal the interval in which the
D6 had appeared. The D6 test was presented as a 30.0
ms flash. Five values of D6 contrast were randomly
interleaved during the experiment. At the end of the
experiment the data were fit with a Quick [13] or
Weibull [14] function using a maximum likelihood esti-
mation technique, and the 75% correct estimate was
taken to be the contrast threshold. As shown in Fig.
1(A), thresholds were measured as a function of the
stimulus onset asynchrony (SOA), which indicates the
delay between mask onset and the D6 flash.
A second experiment measured threshold elevation as
a function of mask radius. In this experiment the masks
were Gabor functions with circular envelopes, and the
radius was defined to be the point at which the Gabor
had declined to 1:e of its maximum contrast.
In the final experiment, we measured contrast incre-
ment thresholds for the D6 probe superimposed on a
mask of either 6, 25, or 50% contrast. As shown in Fig.
1(B), this represented a contrast version of the probe-
on-flash technique that has proven so useful in the
study of light adaptation [15–17]. In this experiment,
the D6 probe was present in both intervals along with
the mask, but the contrast was incremented in one
interval, and the subject’s task was to chose the interval
with higher probe contrast. Data were analyzed as
described above. Each plotted point is the mean of
three different experimental runs.
The authors and two volunteers who were naive
concerning the purposes of the experiments served as
subjects.
3. Results
We first measured D6 probe thresholds as a function
of mask contrast for two values of SOA: 0.0 and 200.0
ms. For all measurements the mask was a 3.0 cpd
cosine subtending 5.0° in a circular patch. The cosine
had a 15° orientation relative to the vertical test D6.
Thresholds for the D6 probe, flashed for 30 ms, are
plotted for two subjects in Fig. 2. As performance of
both subjects was very similar, let us focus on the
common elements of the data. First, threshold eleva-
tions were always greater at 0.0 ms SOA than after
200.0 ms (solid vs open symbols). Second, both data
sets were well described by power functions (solid and
dashed curves), but the exponents were different. The
Fig. 1. Temporal relations between probe and mask. The mask was
always a 3.0 cpd cosine grating that was flashed on for a duration of
435 ms. (A) The probe, a 3.0 cpd vertical D6, was flashed for 30.0 ms
at a variable SOA following target onset. The mask was always
oriented at 15° to the vertical D6 probe so that they would overlap at
a range of local phases. (B) In the contrast version of a probe-on-
flash experiment, the probe D6 was always flashed with an SOA of
200.0 ms. In one interval of each presentation the D6 was presented
at a fixed base contrast, while in the other interval this contrast was
incremented. This technique permitted us to measure contrast incre-
ment threshold curves as a function of background mask contrast.
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Fig. 2. Thresholds for detecting the D6 as a function of mask contrast. Solid symbols were measured at 0.0 ms SOA, and open symbols were
measured at 200.0 ms SOA. Data for both subjects at both SOAs were well described by power laws (straight lines on log–log coordinates) with
the exponent changing from 0.68 at 0.0 ms SOA to 0.38 at 200.0 ms SOA.
exponent declined from 0.68 at 0.0 ms. SOA to 0.38 for
the 200.0 ms. SOA data. This raises two questions: (1)
What is the time course of this change? and (2) What
mechanism is responsible for the slope change?
The next experiment was designed to answer the first
question by measuring the magnitude of masking as a
function of the SOA between mask and probe. For this
purpose the mask was always at 50% contrast (the
maximum possible given optical superposition of the
two monitors, see above), and it was circular with a
5.0° diameter. Data for three subjects are plotted in
Fig. 3 for SOAs ranging from 0.0 (simultaneous onset)
to 200.0 ms. Threshold elevation (ratio of masked to
unmasked contrast threshold) averaged 11.4 at SOA 0.0
but declined to 4.0 by SOA 200.0 ms. For reference,
unmasked D6 test thresholds for the three subjects
averaged 2.590.5% contrast. As shown by the solid
and dashed curves, all three data sets were well fit by a
decaying exponential function: AB exp(SOA:t),
where A, B, and t were estimated using a least mean
squares fitting procedure. This functional form was
necessary because the data decay exponentially to a
non-zero asymptote. The correlation between data and
the fitted function was greater than 0.99 for every
subject. Values of the time constant t for subjects JK,
HRW, and DB were 29.8, 53.3 and 69.9 ms. On aver-
age, therefore, the exponential decay time constant was
51.0 ms, although there are clearly significant intersub-
ject differences.
Next we measured the spatial range over which the
grating generated a masking signal for the centrally
flashed D6. This was done by varying the radius of the
circular, 50% contrast mask and measuring threshold
elevations for a flashed D6 at SOAs of 0.0 and 200.0
ms. The mask in this case was a circular Gabor func-
tion, and the radius was defined to be the distance at
which the Gabor fell to 1:e of its maximum contrast.
Thresholds are plotted in Fig. 4 for two subjects at
SOAs of 0.0 and 200.0 ms. Although threshold eleva-
tions were always significantly larger at 0.0 ms SOA,
the dependence on radius was the same at both SOAs.
Masking increased D6 thresholds until the mask radius
reached about 45 arc min, where it reached its asymp-
totic level for both subjects. As the vertical space
constant of the D6 probe was 0.74°, masking was
complete for masks with approximately the same di-
mensions as the test probe. Thus, it can be concluded
that the spatial pooling involved in this contrast mask-
Fig. 3. Time course of gain changes in masking. Threshold elevation
(ratio of masked to unmasked D6 probe threshold) is plotted as a
function of probe SOA. The smooth curves are least mean squares fits
of the function [AB exp(SOA:t)] to the data. The mean value of
t across subjects was 51.0 ms.
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Fig. 4. Thresholds as a function of mask radius in arc min. The
symbols at zero radius plot thresholds in the absence of a mask. At
both SOA0 ms (solid symbols) and SOA200 ms (open symbols)
thresholds rise as mask radius increases until a radius of about 45 arc
s, after which thresholds become independent of mask radius.
beyond the point where we could measure them.) Also
note that each increment threshold curve displays the
classic ‘dipper’ shape, where increment thresholds are
lowest at intermediate base contrasts. This dipper shape
has been well documented for contrast increment
threshold tasks in many laboratories [2,18,19]. The fact
that such dippers are not found in probe-on-flash ex-
periments where luminance rather than contrast is the
variable [15–17,20] provides evidence that the data in
Fig. 5 reflect cortical processes.
Suppose that a contrast gain control operating via
division were responsible for the data in Fig. 5. As the
background masks were present for 200.0 ms, during
which their effects reach an asymptotic level (see Fig.
3), we would expect each mask to divide both the base
contrast and the increment threshold by the same value.
That is, each increment threshold curve should have the
same shape as the others but should be diagonally slid
to the upper right by a distance reflecting the divisive
factor on log-log coordinates. Conversely, if each curve
were translated diagonally downward and to the left on
log–log coordinates by the appropriate factor, all data
should superimpose. This was done to produce the
results shown in Fig. 6. As the leftmost points in Fig. 5
represent detection thresholds, the ratios between the
6% mask threshold and the two higher contrasts indi-
cate the factors by which the two higher curves must be
shifted diagonally downward. The two leftmost points
in Fig. 5 simply represent the collapsing of all three
detection thresholds for each subject into a single point
as a result of this procedure. All remaining data for
each subject were shifted downward along a line of
slope 1.0 by the appropriate distance. This division
scaling collapses all increment threshold data for both
subjects into a single dipper function. (There is, of
course, some residual scatter to the data, but it is far
less than in the unscaled data of Fig. 5.) Thus, the data
in Fig. 6 provide evidence for a divisive gain control in
contrast processing.
As a control, we measured D6 increment thresholds
for a range of base D6 contrasts in the absence of the
grating mask, i.e. the previous experiment was repeated
with a 0% contrast grating. The results for the two
subjects from the previous experiment are depicted in
Fig. 7, where the leftmost point on each curve repre-
sents the detection threshold. The characteristic dipper
shape is again apparent, and the mean exponent of the
power function describing the data above a base con-
trast of 4% was 0.917. This slope is not significantly
different from the slope of 1.0 describing the higher
base contrast data in Fig. 6. Thus, the data in Fig. 5
represent versions of those in Fig. 7 that have been
shifted diagonally upwards and to the right by a multi-
plicative factor.
ing is localized to a region no larger than 1.5° in
diameter in the fovea. The spatial extent might be
smaller, but this is impossible to ascertain due to the
stimulus dimensions necessary to produce bandpass
patterns.
In the final experiment, we used a contrast version of
the probe-on-flash technique to gain insight into the
nature of these masking effects. In this paradigm, illus-
trated in Fig. 1(B), contrast increment thresholds were
measured for D6 probes superimposed on a mask of
fixed contrast. As the data in Fig. 3 show that effects of
gain control are complete within 200 ms, the D6 probe
was always flashed with a 200.0 ms SOA. For each
fixed mask contrast, detection threshold for the probe
was measured along with increment thresholds at 4, 8,
16, and 32% contrast. For example, to measure an
increment threshold with a base contrast of 8%, one
interval of the forced choice procedure would contain a
mask with a superimposed D6 at 8% contrast, while the
other interval would contain the mask plus a superim-
posed D6 of higher contrast. By using a range of D6
contrast increments in each experiment, increment
thresholds were measured for all base contrasts on
three different mask backgrounds: 6, 25, and 50% (40%
for one subject). All other conditions were the same as
in the previous experiments. Data for two subjects are
plotted in Fig. 5, where the leftmost point on each
curve is the probe detection threshold. Solid circles plot
data for a background mask contrast of 6%, open
circles for a 25% contrast mask, and solid squares for a
50% (HRW) or 40% (DB) contrast mask. Increment
thresholds for all D6 base contrasts increase with back-
ground mask contrast for both subjects. (The highest
mask contrast used with DB was reduced to 40%,
because a 50% contrast mask raised his thresholds
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Fig. 5. Probe increment thresholds as a function of probe base contrast. The D6 probe was always flashed at an SOA of 200.0 ms, as masking
thresholds in Fig. 3 had reached their asymptote by this time. Data are shown for HRW at background mask contrasts of 6 (solid circles), 25
(open circles), and 50% (solid squares) on the left and for DB on the right. (The solid squares are for a 40% grating contrast in the case of DB.)
Leftmost point on each curve is the detection threshold at zero base contrast. Note that all curves have the characteristic ‘dipper’ shape frequently
reported for contrast increment threshold functions.
4. Discussion
The data presented above help to characterize a
divisive contrast gain control in human vision. The
collapsing of the data in Fig. 5 by divisive scaling
provides clear evidence that the visual system is imple-
menting a divisive process within the first 200 ms after
mask onset. Due to the very brief nature of the D6
probe (30 ms), processes such as subtractive inhibition,
would not have time to affect the probe, so they may be
ruled out as an explanation for the data. This point is
thoroughly discussed in the light adaptation studies
employing probe-on-flash techniques from which the
present experiments were adapted [20]. Additional evi-
dence for divisive gain controls in human vision come
from evoked potential recordings [7] and from other
masking studies. In particular, Foley [9] has demon-
strated that divisive inhibition operates for orientation
differences up to 90°, an observation also supported by
previous data from our laboratory [10]. Given physio-
logical evidence for the existence of divisive gain con-
trols in cat and monkey striate cortex [4–6], it is now
clear that this is a common aspect of cortical function.
As pointed out by Heeger [8], this means that cortical
neurons can no longer be considered to be operating as
independent, parallel channels for visual processing.
The data above demonstrate that the human contrast
gain control has an exponential time course following
stimulus onset with a time constant averaging 51.0 ms
across observers. With this time constant, the gain
control process will be 95% complete [1exp(150:
51)] within 150 ms. Given a maximum saccade rate of
four to five per second, this means that there is always
sufficient time for the gain control to reach its process-
ing asymptote before the next eye movement, which is
essential to ensure effective processing during each fixa-
tion. It should be mentioned that our data only strictly
apply at a spatial frequency of 3.0 cpd, which would
suggest neurons driven by magnocellular input. We
have also conducted several masking studies at much
higher spatial frequencies, but maximum threshold ele-
vations are significantly lower [12], so it is difficult to
obtain definitive information on gain control opera-
tions at high frequencies.
The data above show that threshold elevations due to
the mask asymptote for mask radii greater than 0.75°.
This places an upper bound on the size of the spatial
pooling area for the gain control mechanism at 3.0 cpd
in the fovea. The area might actually be significantly
smaller, but the spatial dimensions of our test stimulus
(necessary for spatial frequency and orientation selec-
tivity) made it impossible to resolve this issue. Suffice it
to say that the gain control pooling area is relatively
spatially localized. Previous data also indicate that the
gain control pools over all orientations [9,10].
One seeming puzzle in our results is that the power
law exponent for the 0.0 SOA data in Fig. 2 is 0.68,
while that in Figs. 6 and 7 is approximately unity.
There are two likely reasons for this difference. First,
the mask in Fig. 2 was at a 15° orientation relative to
the test, while the mask in Fig. 7 was identical to the
test in orientation. Second, the grating mask in Fig. 2
extended over a much greater spatial range than did the
mask in Fig. 7, where the mask was identical to the test.
So, the mask in Fig. 7 would be expected to produce
greater direct stimulation of the mechanisms respond-
ing to the test while perhaps also producing relatively
less activation of gain control mechanisms due to its
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Fig. 6. Division scaling of the contrast probe-on-flash data from Fig. 5. The leftmost points in Fig. 5 were used to calculate a factor for each of
the higher mask contrast curves relative to the 6% contrast curve. As described in the text, all data were then slid diagonally downwards along
a line of slope 1.0 by the factor determined by their mask contrast. The fact that the data converge to a single curve provides evidence for a
divisive gain control driven by the contrast of the background grating mask.
restricted spatial extent. The data in Fig. 2 indicate that
gain controls reduce the slope of the contrast increment
threshold function, so weaker activation of these mech-
anisms would be expected to increase the slope of the
increment threshold function.
Because the mask in our experiments is oriented at 15°
to the test, it should roughly fall at half amplitude (25%
energy) for units that are optimally tuned to the test
orientation. In the steady state, therefore, one would
expect a small input from the mask to the test units, but
by far the largest effect (about four times as large) is the
influence of the mask on the gain control mechanism.
Indeed, the data themselves provide clear evidence that
the major effect of the mask is to divide the responses
Fig. 7. Contrast increment threshold functions for the 3.0 cpd D6 test stimulus used in Figs. 5 and 6. The leftmost points, labeled ‘No Base,’ are
the contrast detection thresholds. The data for both subjects exhibit the same ‘dipper’ shape evident in the previous two figures. For base contrasts
of 4% and above the mean data are well fit by a power law with an exponent of 0.917 (determined by least mean squares fitting). This does not
differ significantly from the slope of 1.0 for the high contrast data in Fig. 6, so the data in Fig. 6 may be described as a division scaled version
of the present data.
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to both probe and flash. Any direct stimulation of the
responding units by the mask is apparently divided
down almost to insignificance by the more potent ef-
fects of the mask on other units contributing to the gain
control.
Wilson and Humanski [11] have developed a quanti-
tative model of a divisive feedback network among
orientation selective cells using nonlinear differential
equations. That model has also been applied to data
comparable to those in Fig. 2, and the divisive gain
control has been shown to predict the change in expo-
nent between the 0.0 and 200.0 ms SOA conditions [10].
In a visual evoked potential study, Ross and Speed [7]
obtained evidence that masks increase the semi-satura-
tion constant of the Naka-Rushton contrast response
function. This is in agreement with the Wilson and
Humanski [11] model, in which the mask produces an
effect equivalent to a shift in the semi-saturation con-
stant once the equilibrium state is reached.
Divisive circuitry analogous to that in the Wilson
and Humanski [11] model has been employed in a
recent model of foveal light adaptation, where it ac-
counts for many of the changes dependent on light level
throughout the photopic range [21]. Thus, similar divi-
sive gain control networks appear to operate at retinal
and cortical levels to control light and contrast adapta-
tion, respectively.
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